In order to check the validity of Akasofu's ε parameter and of the Vasyliunas et al. (1982) general formula, we examine the dependence of the ring current injection rate, calculated from the Dst index for the period of , on the interplanetary magnetic field (IMF). We compare the influence of the Bz component with the influence of the combination of sin(θ/2), where θ is the IMF clock angle, and the IMF magnitude, B, (or the transverse component of the IMF, B T = (By 2 + Bz 2 ) 1/2 ) by using the regression analysis in a power law form. The main results are as follows: (1) the exponent for Bz shows higher consistency than that for sin(θ/2); (2) we never obtain B 2 sin 4 (θ/2) or B
Introduction
It is firmly established by a large number of researchers that the interplanetary magnetic field (IMF) plays a crucial role on the energy coupling between the solar wind and the Earth's magnetosphere. Fairfield and Cahill (1966) first showed that the Bz (north-south) component of the IMF generally controls the level of geomagnetic activity at high latitude observatories and that the southward direction is usually associated with disturbances. Perreault and Akasofu (1978) introduced the IMF clock angle (θ), which is defined as the angle that the projection of the IMF in the Y -Z plane of the geocentric solar magnetospheric (GSM) coordinate system makes relative to the positive Z -axis, and emphasized its importance for the description of the energy coupling function because of the possibility of expressing the fact that the coupling can occur even for the northward IMF conditions. They used this angle to express their energy coupling function, the so-called epsilon parameter, ε = l 2 0 B 2 V sin 4 (θ/2), where l 0 is 7 R E , B the IMF magnitude, V the solar wind velocity, and ε has the dimension of power. Since then this angle has been used as a fundamental parameter by a large number of researchers. Vasyliunas et al. (1982) performed dimensional analysis on the magnetohydrodynamic (MHD) flow, and obtained a general formula for the energy coupling function with the dimension of power. They derived their formula by assuming that the IMF dependence of the coupling function arises from the Alfven Mach number and the IMF clock angle. Various Copyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
forms of coupling functions including the clock angle were proposed by a number of researchers through analyses of quantities, such as the AL index, the Dst index, and polar cap electric potentials (e.g., Gonzalez et al., 1994) . The IMF dependence of these functions is usually expressed as the product of a power of sin(θ/2) and a power of the IMF magnitude, B, (or of the magnitude of the perpendicular component of the IMF, B T = (By 2 + Bz 2 ) 1/2 ). On the other hand, some researchers proposed their coupling functions without using the clock angle. Examples of them are BzV (Rostoker et al., 1972; Burton et al., 1975) and BsV 2 (Murayama and Hakamada, 1975; Maezawa and Murayama, 1986) , where Bs is the southward component of the IMF, i.e., Bs = −Bz for Bz < 0, and Bs = 0 for Bz ≥ 0. O'Brien and McPherron (2002) recently revised the Burton et al. equation to include the effect of the dipole tilt angle, but they did not use the clock angle. The above researchers express the IMF dependence of their coupling functions by the linear proportionality to Bz.
However, comparison between the influence of Bz and the influence of the combination of sin(θ/2) and B (or B T ) has not been made until recently. Aoki (2005) has made detailed comparisons by applying the regression analysis in a power law form to the AL index, and obtained the result that Bz shows superiority over the combination of sin(θ/2) and B (or B T ). He has concluded that the IMF dependence of the AL index is described better by Bz than by the combination of sin(θ/2) and B (or B T ), and that the ε parameter and the Vasyliunas et al. general formula are less appropriate than a function of Bz.
The purpose of the present paper is to make comparisons between the influence of Bz and that of the combination of sin(θ/2) and B T (or B) by using the ring current injection rate calculated from the Dst index, which is a measure of the magnitude of the ring current, and to examine whether or not the analysis of the injection rate leads to the same conclusion as that of the AL index (Aoki, 2005) . We will show that the results of the ring current injection rate support the conclusion of the AL index.
Data and Analysis

Data
We use hourly values of the Dst index and of the solar wind parameters for the period of . We relate values of Dst to solar wind parameters with thirty-minute delays by using averages of consecutive values of Dst. We introduce this time delay by taking account of the about 25-min response time of the Dst index to solar wind conditions (Burton et al., 1975) .
According to Burton et al. (1975) , the rate of injection into the ring current, Q, is related to the pressure-corrected Dst, Dst * , by the following equation:
Here Dst * is given by
where Pd is the solar wind dynamic pressure, b a measure of the response to dynamic pressure changes in the solar wind, c a measure of the quiet day currents, and τ the decay time of the ring current. The values of b, c, and τ are 0.20 nT (eV·cm −3 ) −1/2 , 20 nT, and 2.78 × 10 4 s = 7.7 hs, respectively. We approximate Eq. (1) by
We calculate this quantity for the hourly intervals in which all of the IMF, the solar wind velocity (V ), and the density (D) are available. If values calculated from Eq. (3) are positive, we set Q = 0. This is because the ring current is supposed to develop only for negative values of Q. We also impose the following restriction on the y component of the solar wind electric field, E y = −BzV (where Bz is measured in the GSM coordinates), according to Burton et al. (1975) :
This condition is considered as a cutoff below which the ring current does not develop. We use all negative values of Q for the present analysis.
Procedure of analysis
Procedure of analysis in the present paper is basically the same as that of Aoki (2005) on the AL index.
Figures 1(a) and 1(b) are examples of scatter plots of Q versus Bz. Data of Fig. 1(a) and those of Fig. 1(b) are for −7 ≤ Bz < −1 nT and V < 600 km/s, and for Bz < 0 nT and all V , respectively. Data of Fig. 1(b) also correspond to the whole data of the present analysis. As is seen in these figures, Q develops to large negative values as Bz becomes negative. The regression line of Q on Bz, however, usually does not pass through the origin of the Bz-Q plane, but tends to cross the Bz-axis in the positive side of it. To take account of this tendency, we used the regression coefficients of the regression line, Q = a Bz + b, to obtain the value, Bz 0 ≡ −b/a, as the value of the point at which the regression line crosses the abscissa. We use Bz = Bz 0 − Bz instead of Bz below. This rescaling from Bz to Bz is the same as that for the AL index (Aoki, 2005) , and is considered as a way of describing the fact that the solar wind-magnetosphere coupling can occur even for the northward IMF conditions. The restriction on the data selection, −7 ≤ Bz < −1 nT and V < 600 km/s, was imposed to guarantee that the IMF is directed southward and thus the ring current injection is likely to occur, and to avoid extreme solar wind situations for statistically meaningful analyses.
For reference, Fig. 1(c) shows a scatter plot of Q versus Bz for the data without the condition of (4) and without setting Q = 0 even if the value of Eq. (3) is positive. Red points indicate the data for E y ≤ 0.50 mV/m, and blue ones the data for E y > 0.50 mV/m. If we remove the data of E y ≤ 0.50 mV/m and those of Q ≥ 0, the remaining data become the same as those of Fig 
We performed the above analyses under various conditions on Bz and V . As the conditions on Bz, we chose the following nine ranges: [−6 , 0] (which means −6 ≤ Bz < 0 nT; the same format is used throughout this paper), [−7, 0] −2] , and [ , −2]. As the conditions on V , we examined the following three ranges: V < 600 km/s, V ≥ 600 km/s, and all V . We analyzed all cases of any combinations of the above Bz and V ranges. We will compare the exponents and the correlation coefficients in the next section. Table 1 shows the exponents and the correlation coefficients for various solar wind parameters and their combinations for the range of −7 ≤ Bz < −1 nT and V < 600 km/s. This range of Bz and V is chosen as a typical example. From this table, we notice the following points:
Results
1) The combination (Bz , V, D) shows the highest correlation coefficient among the quantities listed in Table 1 . 2) The correlation coefficients for M A , M A , (M A , sin(θ/2)), and (M A , sin(θ/2)) are very low compared with that for Bz , and the correlation coefficients for (M A , sin(θ/2), V ) and (M A , sin(θ/2), V ) are clearly low compared with that for (Bz , V ) and even compared with that for Bz .
3) The exponent for Bz is about unity in all cases including Bz , i.e., Bz , (Bz , V ), and (Bz , V, D). 4) The exponent for sin(θ/2) varies over a wide range for the change in the combination of parameters. 5) The exponent for V varies from about unity to two.
The above features were confirmed to be true for other ranges of Bz and V . Maezawa and Murayama (1986) , who showed that the best exponents for Bs (the southward component of the IMF), V , and D are 1.09, 2.06, and 0.38, respectively, through the analysis of selected storm events.
We would like to point out one fact. From the present analysis described in the preceding section, we never obtained B 2 T sin 4 (θ/2) or B 2 sin 4 (θ/2), which is the IMF dependence expected from the ε parameter. This result is the same as that obtained by Aoki (2005) on the AL index. Thus we can conclude that the IMF dependence of the ε parameter is never established empirically by the analyses of AL or of Q.
Discussion
4.1 On the validity of the ε ε ε ε ε ε ε ε parameter and of the Vasyliunas et al. general formula In this subsection we discuss the validity of the ε parameter and of the Vasyliunas et al. (1982) general formula on the basis of the results of the preceding section.
First, we consider the ε parameter. As mentioned in the last part of the preceding section, we never obtained
T sin 4 (θ/2) by the logarithmic analysis with restrictions on the values of Bz. Here, we check this result by the linear analysis with restrictions on the values of θ , not on the values of Bz. We imposed restrictions on θ by 90 − 10 p ≤ θ < 90 + 10 p
• ( p = 1, 2, · · · , 9), and for each range of θ we performed the linear regression analysis T sin 4 (θ/2) is evident. Other results (not shown) also support the conclusion that Bz is better than the combination of B (or B T ) and sin(θ/2).
Next, we consider the general formula of Vasyliunas et al. (1982) . This formula is derived on the assumption that the IMF dependence of the coupling function arises from the Alfven Mach number and sin(θ/2). However, as was pointed out in the preceding section, imply that the Alfven Mach number does not play any important role in the ring current injection and hence in the energy coupling between the solar wind and the Earth's magnetosphere. (See Appendix for more detailed discussion.)
Lastly, we discuss the idea that the IMF dependence of the coupling function can be described by the combination of sin(θ/2) and B (or B T ). Aoki (2005) pointed out that this idea has a difficulty in expressing the combined effect of the IMF By component and the dipole tilt angle (χ ) on the AL index. The reason is as follows: AL develops more efficiently for positive By than for negative By when χ is negative, and vice versa when χ is positive (Aoki, 1977; Murayama et al., 1980) . Below we refer to this effect as the By-χ effect. This effect is obviously asymmetric with respect to the sign of By. Each of the quantities of B, B T , and sin(θ/2), however, is symmetric with respect to it, so it is impossible to describe the B y -χ effect by the combination of sin(θ/2) and B (or B T ).
Here, we would like to check whether or not Q has the By-χ effect. Figure 3 shows the By dependence of Qzv ≡ Q/(Bz V * 1.6 ) × 100, Q corrected for the effect of Bz and of V * (≡ V /400), for the data of −7 ≤ Bz < −1 nT and V < 600 km/s separately for different ranges of χ . From this figure, we notice that Qzv tends to develop as the Murayama et al. (1980) and by Nakai (1987) , we may expect that the location of reconnection at the dayside magnetopause shifts to the pre-noon or post-noon side depending on the sign of the By component of the IMF, and also moves to the summer hemisphere side in association with the variation of χ. According to the By-χ effects of AL and of Q, the period in which AL and Q develop more efficiently is the time when reconnection occurs on the dawn side of the magnetopause. So we can understand the By-χ effects of AL and of Q by assuming that reconnection on the dawn side of the magnetopause works more efficiently than that on the dusk side for some reason.
From the above considerations, we conclude that the ε parameter and the Vasyliunas et al. (1982) general formula are less appropriate than a function of Bz, and that the energy coupling function between the solar wind and the Earth's magnetosphere is described better by Bz than by the combination of B (or B T ) and sin(θ/2). It is worth mentioning that the above results and conclusions are the same as those obtained by Aoki (2005) through the analysis of the AL index. On the basis of the above results, with attention to the fact that the effect of By is small compared with that of Bz (cf. Figs. 1 and 3) , we suggest that the coupling function, P, is approximated by
where α ∼ 1, β ∼ 2, γ ∼ 0.4, and f (By, χ) is a function for expressing the effects of By and of χ .
Influence of the intercorrelations among solar wind parameters
In this subsection we discuss the influence of the intercorrelations among solar wind parameters on the results.
The intercorrelations among Bz, B, B T , sin(θ/2), and V were examined by Aoki (2005) , and they are not very different from the intercorrelations for the data of the present analysis (not shown). Aoki (2005) did not discuss intercorrelations including the solar wind density because the dependence of the AL index on the density is weak. The solar wind density, however, has a stronger influence on Q (cf. Table 1 ) than on AL, so we examine its intercorrelations here. Table 3 
shows the linear correlation coefficients for the combinations of (D, Bz), (D, B), (D, B T ), (D, sin(θ/2)), and (D, V ) for different ranges of
Bz and for V < 600 km/s. As is seen in this table, the solar wind density has weak correlations with Bz, B, B T , and V . Among them the intercorrelation between D and V is relatively high (about an anticorrelation between V and D, see, e.g., Neugebaur and Snyder, 1966) .
The influence of the intercorrelation between D and V and of the strong D dependence of Q can be seen in a rather large difference in the exponent for V between (Bz , V ) and (Bz , V, D) . The exponent for V for the case of (Bz , V, D), 2.16, is larger than that for the case of (Bz , V ), 1.61 (cf. Table 1); the difference is 0.55. Thus to get the accurate exponent for V we should include the influence of the solar wind density. This value of about two of the exponent for V supports the quadratic dependence on V (Murayama and Hakamada, 1975; Maezawa and Murayama, 1986 ), but does not support the linear dependence on V , which is expected from the ε parameter. 4.3 Influence of the assumptions for calculating the ring current injection rate We have analyzed Q derived with some assumptions described in Section 2.1. In this subsection we discuss the influence of some of those assumptions on the results.
First, we consider the influence of the condition on E y, Eq. (4). In order to evaluate this influence, we calculated a new injection rate without this condition, and performed the same analysis as that in the above. Elimination of the condition of Eq. (4) yielded increase in the number of data points in the small negative Bz ranges, but almost no change in the number of data points in the large negative Bz ranges. Through the analysis of this injection rate, we have confirmed that all of the features listed in Section 3 are generally valid, although there are some small changes in exponents and in correlation coefficients. We also have confirmed the existence of the By-χ effect.
Second, a number of researchers suggested that the decay time is not a constant but has dependence on a parameter: its dependence on the value of Dst (Feldstein et al., 1984; Gonzalez et al., 1989) , and on E y (Fenrich and Luhmann, 1998; O'Brien and McPherron, 2000) . We discuss these possibilities here. We investigated the following three decay times suggested by Gonzalez et al. (1989) , by Fenrich and Luhmann (1998) , and by O'Brien and McPherron (2000):
for − 50 nT ≤ Dst = 0.5 hs for − 120 ≤ Dst < −50 nT = 0.25 hs for Dst < −120 nT, τ F L = 4 hs for E y > 4 mV/m = 7.7 hs for E y ≤ 4 mV/m, τ O M = 2.4 exp{9.7/(4.7 + E y)} hs.
We have performed the same analysis as that in the above, and confirmed the validity of all of the features listed in Section 3 and the existence of the By-χ effect for each of the injection rates derived by using τ G , τ F L , and τ O M , except for the fact that the exponent for V for the injection rate of τ G varies between two and four, being larger than those for the injection rates of other τ 's.
Here, we would like to point out two facts concerning τ G : (1) the value of τ G is rather small compared with those of other τ 's, and (2) the injection rate of τ G has a clearly lower linear correlation coefficient with Bz than those of other τ 's and than that of τ = 7.7 hs. Detailed comparison is beyond the scope of the present paper, and should be discussed in a separate paper. 4.4 On the method of analysis of the present study 4.4.1 On the method of the regression analysis in a logarithmic form In the present study we have examined the dependence of Q on the solar wind parameters, mainly on the IMF, by using the regression analysis in a logarithmic form. In this subsection we discuss the characters of this method and compare them with those of previous studies.
Regression analysis in a logarithmic form has a feature that it can generally deal with every exponent (which is equal to the regression coefficient in this analysis) of parameters of interest, and that it can give the most probable value of each exponent. Coupling functions proposed so far are usually expressed as the products of powers of some solar wind parameters, and there are some controversies about values of exponents (e.g., V versus V 2 ). Our method easily judges the appropriateness of those values of exponents. Wu and Lundsted (1997a, b) investigated the influence of the solar wind parameters on the Dst index by using the neural network method. They showed that the two basic combinations giving accurate prediction are (Bz, V, D) and (Bs, V, D) , and that ε is less appropriate. These results are consistent with ours. In the neural network method, however, an exponent of each parameter should be given before performing the analysis, and so it is not very easy to say what is the most appropriate value of the exponent for the solar wind parameter of interest.
We have investigated the IMF dependence of Q without considering detailed dependence of Q on V and on D. This treatment is guaranteed by the fact that the IMF-related parameters (i.e., Bz, B, B T , and sin(θ/2)) have almost no correlations with V (Aoki, 2005) . This treatment is different from that of studies in which an exact form of the coupling function including all of the parameters which are assumed to have influence is given first and the validity of this function is examined. Examples of those studies are O'Brien and McPherron (2000) and Temerin and Li (2002) . Their purpose is to find out a suitable function that describes the whole time evolution (i.e., the development and the decay) of Dst, but our objective is to seek suitable parameters for describing the IMF dependence of the coupling function when the injection occurs, i.e., when Q < 0.
Lastly, we discuss the requirement that the coupling function have the dimension of power (Perreault and Akasofu, 1978; Vasyliunas et al., 1982) . It is not necessarily clear that the result of the regression analysis in a logarithmic form meets this requirement. Here, it is worth noting the following two points: First, Q physically reflects the total kinetic energy of the ring current particles through the Dessler-Parker-Sckopke relation (Dessler and Parker, 1959; Sckopke, 1966) . However, Q does not have the dimension of power because of its definition of Eq. (1). Second, what the dimension of Q is is a separate problem from what are parameters controlling Q. If the intensification of the ring current is a result of the solar wind-magnetosphere coupling, Q should show dependence on the same parameters as those controlling the coupling. Vasyliunas et al. (1982) assumed that the coupling depends on the Alfven Mach number and on the clock angle. If this assumption is correct, Q should also depend on those parameters irrespective of the dimension of Q. (A similar argument can also be applied to the AL index.) The present study addresses the problem of the validity of this assumption, and the regression analysis can give a clear answer to this problem.
Time resolution of the data
In the present study we have used hourly values of Q, and often compared the results of Q with those of hourly values of AL (Aoki, 2005) . In this subsection we discuss the influence of the time resolution of the data on the result and the physical meaning of the comparison between the results of Q and those of AL.
Studies of the coupling function by using the AE, AL, and Dst indices have a long history. Typical analyses of AE or of AL were performed by using 1-min values (e.g., Baker et al., 1983) , and 3-h values of the indices (e.g., Maezawa, 1979) . Irrespective of the time resolutions of the data, these studies gave similar dependence on solar wind parameters, at least on the IMF and on V . Typical analyses on Dst were done by using 2.5-min values (e.g., Burton et al., 1975) and 1-h values of the index (e.g., Gonzaletz et al., 1989) . These studies on Dst led to similar dependence on the IMF and on V to each other. Furthermore, Maezawa and Murayama (1986) showed that the analysis of 3-h values of AL and that of 1-h values of Dst yielded similar dependence on the IMF and on V . These similarities suggest that analyses of AL and of Dst lead to almost the same coupling function as long as the time resolution of the indices is between 1 minute and about three hours and that the two indices reflect consequences of the same mechanism of the solar windmagnetosphere coupling. However, an analysis similar to the present study with high time resolution data has never been performed before, so it should be done in a future study to check the above idea. Maezawa and Murayama (1986) and of Aoki (2005) , who showed that the exponent for V is close to two. Bargatze et al. further showed in their Fig. 4(b) that the sin 4 (θ/2) dependence is a good approximation. Close inspection of this figure, however, indicates that in the large values of θ (i.e., negative Bz ranges), U (θ ) cos θ, which corresponds to Bz, agrees better with the data than sin 4 (θ/2). The sin 4 (θ/2) dependence agrees better with the data than U (θ ) cos θ in the small θ ranges, where the physical meaning of AL is unclear (Allen and Kroehl 1975; Kamide and Akasofu, 1983) .
Previous studies on the Vasyliunas
Recently, Koskinen and Tanskanen (2002) thoroughly reviewed the basic ideas on ε, and pointed out some unclear physical foundations on them.
Conclusions
We have examined the IMF dependence of the ring current injection rate calculated from the Dst index by comparing the influence of Bz with that of the combination of sin(θ/2) and B (or B T ). Main results are as follows: (1) The exponent for Bz shows higher consistency than that for sin(θ/2). Higher consistency is seen in (a) smaller variability in the exponent for Bz for the change in the range of Bz, and in (b) much larger variability in the exponent for sin(θ/2) for the change in the combination of parameters.
(2) We never obtain B 2 sin 4 (θ/2) or B
2
T sin 4 (θ/2), which is the IMF dependence expected from the ε parameter. (3) The ring current injection rate shows a very low correlation with the Alfven Mach number. (4) The ring current injection rate has the By-χ effect, which is an effect asymmetric with respect to the sign of By. From the above results we conclude that the ε parameter and the Vasyliunas et al. (1982) general formula are less appropriate than a function of Bz, and that the IMF dependence of the energy coupling function is described better by Bz than by the combination of sin(θ/2) and B (or B T ). The above results and conclusions are the same as those obtained by Aoki (2005) through the analysis of the AL index. On the basis of the above considerations, we suggest that the coupling function is approximated by
Appendix.
In this appendix, we supplement the discussion in Section 4.1 on the Vasyliunas et al. general formula and on the idea that the coupling function is described by the combination of (B (T ) , sin(θ/2), V, D) with more detailed analysis. Table A1 (a) shows correlation coefficients for M A and for the combination including M A for various ranges of Bz and for V < 600 km/s. When we compare the correlation coefficients with those for (Bz , V, D) in Table 2 Here we consider the reason for the higher correlation of (M A , sin(θ/2), V, D) than (Bz , V, D) . It is worth noting the following three points: First, in the regression analysis, the result of (M A , sin(θ/2), V, D) is equivalent to that of (B T , sin(θ/2), V, D) in the sense that for every range of Bz, exponents for (M A , sin(θ/2), V, D) can be derived from exponents for (B T , sin(θ/2), V, D), and vice versa. This is easily confirmed by Tables A1(a) and A1(b) and simple calculations. Second, the assumption that (M A , sin(θ/2), V, D) works in the solar windmagnetosphere coupling is not equivalent to the idea that (B T , sin(θ/2), V, D) works. The latter includes the former, but the reverse is not true. Third, there is no reason that we should include D in the regression analysis when we want to judge whether or not the combination (M A , sin(θ/2)) works in the coupling. From the above three points, we cannot interpret that the high correlation of (M A , sin(θ/2), V, D) represents the effectiveness of (M A , sin(θ/2)) in the coupling, but should consider that (B T , sin(θ/2), V, D) has a little better correlation than (Bz , V, D) . The reasons for the higher correlation of (B T , sin(θ/2), V, D) are probably considered as follows: The effect of By shown in Fig. 3 can be included in B T and improve the correlation. Larger number of parameters in the combination (B T , sin(θ/2), V, D), 4, than that of (Bz , V, D), 3, might produce higher correlations. In any case, it should be pointed out again that the idea of describing the coupling by (B T , sin(θ/2), V, D) has a difficulty in expressing the By-χ effect, as mentioned in Section 4.1. 
